1. Plant-fungal interactions can have strong effects on plant abundances, both through direct effects on plant performance and indirect effects on competition and facilitation. Most evidence linking fungi to plant abundances derives from direct fungal effects on initial growth, with little evidence linking fungal effects on plant-plant interactions in intact communities to plant abundances for any plant life-history stage. 2. We transplanted 4320 individuals belonging to 18 plant species into plots where we removed neighbouring vegetation and suppressed fungi using fungicide in a factorial design. We monitored plant survival and growth for 3 years, using these data to test whether fungi had net effects on how plant-plant interactions affected different plant life-history components (initial survival/growth, adult survival/growth). We then tested whether these indirect fungal effects or direct fungal effects on plant performance best explained plant commonness (frequency of occurrence) and local density (per cent cover). Finally, we measured differences in root-associated fungi following fungal suppression and associated these differences with fungal effects on plant performance. 3. Overall, fungi increased competitive effects on survival (i.e. lower survival with fungi intact), but reduced competitive effects on growth of adult plants (i.e. higher growth when fungi intact). Among the focal species, these indirect fungal effects increased survival for more common species relative to rarer species. However, indirect fungal effects on adult growth benefitted rarer species more than common species. Local plant densities were unassociated with indirect fungal effects, but were negatively associated with direct fungal effects on survival and adult growth. This suggests that fungi limit local dominance, thereby indirectly increasing the establishment of common species and the growth of rare species. 4. Synthesis. Using a variety of plant species and suppressing both fungi and neighbours, we show that fungi have net indirect effects, through plant-plant interactions, within intact plant communities. Variation among species in both direct and indirect fungal effects contributed to plant abundances, yet fungal effects did not consistently benefit either common or rare species. However, regardless of commonness, fungi directly reduced growth and survival for species with high local densities, consistent with plant-soil feedbacks limiting species dominance.
Introduction
Plants interact with a wide range of soil fungi with outcomes ranging from mutualistic to parasitic (Moora & Zobel 2010; Bever, Platt & Morton 2012; Hodge & Fitter 2013) . Over time, plants can accumulate and culture the fungal communities that drive these effects, increasing the abundance of these fungi. This can result in conspecific individuals experiencing increased or decreased performance (positive or negative plant-soil feedbacks) (Casper & Castelli 2007; Bever, Platt & Morton 2012; Pendergast, Burke & Carson 2013) . Consequently, fungi have the potential to strongly influence plant community structure, limiting the abundance of some species and promoting others (Alexander & Holt 1998; Hartnett & However, our understanding of the mechanisms by which soil fungi alter plant community structure in natural systems is limited. Most evidence is derived from short-term pot experiments (Klironomos et al. 2011; Kardol et al. 2013) . Such methodological approaches have been critical to providing empirical support for developing theory; however, field evidence is required, despite the messy nature of natural systems and their manipulations. For plant-fungal interactions, there is substantial evidence that the outcomes for individual plants may depend on environmental conditions (e.g. Johnson, Graham & Smith 1997; van der Putten & Peters 1997) , the identity of the fungi (e.g. Wagg et al. 2011) or the neighbouring plants (e.g. Lin, McCormack & Guo 2015) . Simplified systems are unlikely to capture all of this variation and may not reflect interaction dynamics in natural systems (Casper et al. 2008; Klironomos et al. 2011; Kardol et al. 2013; Heinze et al. 2015; Lin, McCormack & Guo 2015) .
In addition to direct effects on plant performance, fungi can affect plant communities indirectly by altering the outcome of competitive and facilitative interactions among plants (hereafter net neighbour interactions; NNI) (Urcelay & Diaz 2003; Moora & Zobel 2010; Bever, Platt & Morton 2012; Hodge & Fitter 2013) . For example, if mycorrhizas improve nutrient access to a greater extent for one species relative to another, this will change the competitive balance between the two species, favouring the species that derives greater benefit from mycorrhizas (Moora & Zobel 2010) . Such competitive differences can be expanded or reduced through resource redistribution within common mycorrhizal networks (van der Heijden & Horton 2009; Walder et al. 2012; Weremijewicz & Janos 2013) . Fungal parasites can similarly alter NNI by differentially affecting resource acquisition abilities among species (van der Putten & Peters 1997) . Evidence of fungal effects on NNI is lacking from intact plant communities (Moora & Zobel 2010; Hodge & Fitter 2013; Lin, McCormack & Guo 2015) , although plant-fungal interactions vary extensively between field and glasshouse studies (Casper & Castelli 2007; Casper et al. 2008; Yelenik & Levine 2010) . Consequently, it is unclear how fungi affect NNI within intact plant communities and the extent to which these effects alter plant abundances and community structure.
Our understanding of the temporal dynamics of plant-fungal interactions is similarly limited, despite theory suggesting that such interactions will change over time. Seedlings are typically more affected by pathogens and mycorrhizas than adults (van der Heijden & Horton 2009; Kardol et al. 2013) . Further, the direction and magnitude of plant-fungal interactions may change over time if pathogens accumulate or there is a change in plant reliance on mutualists (Kardol et al. 2013) . Thus, for example, fungi may have a net negative effect on seedling survival, but increase adult growth rates. Such variable effects of fungi across plant life-history stages and performance measures could have important consequences for plant population dynamics and community structure (Grubb 1977) .
By affecting different plant life-history components, fungi could have variable effects on different aspects of plant abundance (Heinze et al. 2015) . For example, if common mycorrhizal networks facilitate initial survival, this should increase the frequency with which that species is found across the landscape (commonness) (van der Heijden & Horton 2009). However, if fungi also reduce adult growth rates of that species, this would limit the abundance where it is found (local density). Conversely, if fungi cause high seedling mortality, but increase adult growth for a species (Kardol et al. 2013) , fungi should increase local densities, but reduce commonness. This suggests that understanding how fungi affect the survival and growth of different plant life-history stages may be critical to understanding how fungi affect different aspects of plant community structure.
Here, we use a 3-year experiment where we suppressed both fungi and interactions with neighbouring vegetation for 18 plant species in a north temperate grassland to answer: 1. Do fungi have consistent effects on net neighbour interactions across plant life-history components? 2. Do direct or indirect fungal effects on plant performance influence plant commonness and local densities, and do these effects vary across life-history components? 3. Which root-associated fungal groups are associated with fungal effects on plant performance?
Materials and methods

F I E L D S I T E
The experiment was conducted at the University of Alberta Roy Berg Ranch in Kinsella, Alberta, Canada (53°05 0 N, 111°33 0 W). The ranch represents a savanna-type habitat consisting native grassland interspersed with forested patches. All experimental plots were located within grassland areas. Grassland productivity is limited by water and nitrogen availability (Lamb, Shore & Cahill 2007) , although individual species can be limited by a variety of factors, including competition and interactions with fungi (Bennett & Cahill 2012 , 2013 . The grassland lacks any dominant species, but the most locally abundant species tend to be graminoids. However, these locally abundant species are not necessarily widespread, and there is no relationship between local density and how commonly a species is found (Bennett, Stotz & Cahill 2014) .
In August 2008, we established twenty replicate blocks in the native grassland, each consisting four 2 9 2 m plots surrounded by a 0.5-m buffer zone. Within each block, the four plots were randomly assigned one of four combinations of neighbour manipulation (natural vegetation intact or suppressed) and fungal manipulation (natural fungi intact or suppressed). As described below, seedlings of 18 focal species were planted into each plot and monitored for 3 years, allowing us to quantify the interactive effects of these treatments on plant growth and survival. For each neighbour suppression plot, all resident plants were initially removed using a combination of mowing and application of the herbicide glyphosate (Round-up â ; Monsanto, Winnipeg, Manitoba, Canada). In subsequent years, we removed all non-focal plants from the neighbour suppression plots every 3 weeks by hand weeding around focal plants and applying herbicide in areas lacking focal plants. Extreme care was taken to ensure minimal damage to the focal plants. (West, Fitter & Watkinson 1993) and has been shown to reduce AMF inoculum potential by 50% in intact vegetation at this site (J.A. Bennett, unpubl. data) . Iprodione also affects the broader microbial community, although these effects tend to be transient (Wang et al. 2004 ). While we recognize that fungicides can cause unmeasured and unanticipated effects on plant and soil processes (Allison et al. 2007) , so can growing plants in confined soil space (e.g. McConnaughay & Bazzaz 1991) , the application of other chemicals [e.g. fertilizers (Johnson 1993) ; insecticides (Tu 1970) ], and even simple contact with the plants (Cahill, Castelli & Casper 2001) . Consequently, fungicide application was deemed the best way to manipulate fungi in the field given the scale of the experiment (Klironomos et al. 2011). All focal species were perennial, and varied in their frequency of occurrence (commonness) and per cent cover (local density) at the site (Table 1) . Seeds for these species were acquired from a local native plant producer (Bedrock Seeds, Edmonton, AB, Canada). Seedlings were started from seed in the glasshouse, and transplanted into the field between 28 May 2009 and 1 June 2009 at 4 weeks of age. Each plot received three seedlings per species for 54 seedlings per plot. This resulted in a total of 4320 seedlings across all plots and blocks. Within each plot, seedlings were planted in a grid arrangement with a minimum 0.25 m between plants to reduce competition among focal plants. The spatial arrangement of seedlings was generated randomly for each block, but maintained among plots within the block. Due to low rainfall in spring 2009, plants were watered for the first 10 days to increase establishment success. Further details on the experimental set-up can be found in Bennett & Cahill (2012) .
P L A N T M E A S U R E S
At 3 months (initial establishment phase) and then 27 months (adult growth phase), we measured survival and estimated plant biomass. As this study ran for multiple field seasons, allowing us to report transient dynamics, we used biomass estimates, rather than destructive harvest. Specifically, we measured the basal area, height and number of flowering stems of each plant and estimated above-ground biomass using regression equations (see Table S1 in Supporting Information). Equations for many of the species were developed previously (Bennett & Cahill 2012) . For species without existing equations, additional individuals were measured and harvested at the conclusion of the experiment to parameterize the equations. For each species, we selected the regression model with the combination of basal area, height and flowers that best explained above-ground plant mass while minimizing AIC scores (corrected for small sample sizes). However, best-fit models that included only the number of flowering stems were excluded to avoid biasing estimates for individuals that did not flower. All variables were ln transformed prior to analysis.
E S T I M A T I N G N N I
We calculated species-specific estimates of net neighbour interactions (NNI) for survival and growth using log response ratios: ln(performance in intact vegetation/performance with neighbours suppressed). Here, negative values of NNI indicate competition and positive values indicate facilitation. Such log response ratios are typically symmetric around zero and normally distributed (Hedges, Gurevitch & Curtis 1999) , while remaining unbiased in their estimation of interaction intensity (Rees, Childs & Freckleton 2012) . NNI was calculated using either the total number of survivors (survival) or the estimated average mass of survivors (growth) for each combination of response variable, block, fungicide treatment and species. For survival response ratios, we added one to the denominator and numerator so that we could calculate the log ratio when no individuals survived in one of the plots, but excluded all instances where survival was zero in both undisturbed and neighbour suppression plots. For growth, we excluded cases where survival was zero in either treatment.
F U N G A L E F F E C T S O N N N I
We tested whether fungal effects on NNI varied across species and plant life stages using separate mixed models for NNI measured as survival (NNI Survival ) and growth (NNI Growth ) in SPSS (v. 21.0) . For both models, we included a factorial combination of species identity, life-history stage (initial or adult) and fungicide treatment as fixed effects, with block included as a random effect. To account for the repeated sampling, we also included a repeated-measures term with each combination of species, block and treatment as the subject.
S P E C I E S -S P E C I F I C F U N G A L E F F E C T S
To test how fungal effects were related to commonness and local density, we estimated fungal effects on each life-history component (initial survival, initial growth, adult survival and adult growth). Fungal effects were estimated both as direct and indirect effects. Indirect fungal effects are represented by the fungicide effects on NNI calculated earlier. Direct fungal effects were considered as fungicide effects on plant performance when neighbours were suppressed. In both cases, we used the model structure outlined in fungal effects on NNI to estimate species-specific means with and without fungi; this model structure allowed us to calculate these means for each combination of Table 1 . The frequency (proportion of plots where found) and average local density where found (% cover) for all species in the experiment as estimated using 200 unmanipulated plots from the study site (Bennett, Stotz & Cahill 2014) . Some species were rare and never occurred in these study plots, so frequency and local density were set as missing for those species plant performance measure and life-history stage. However, for direct effect models we used generalized linear-mixed models to account for the type of data used. When survival was the response variable, we used the binomial distribution; whereas when growth was the response variable, we used the gamma distribution to account for high right skew. The results of the direct effect models can be seen in Table S2 . We calculated both direct and indirect fungal effects on the different life-history components using the model estimated means for each species. We calculated direct fungal effects using the species-specific means for each life-history components when neighbours were suppressed; these effects were calculated as performance with fungiperformance with fungi suppressed. Indirect fungal effects were calculated the same way, except they used NNI (NNI with fungi -NNI with fungi suppressed). We considered fungal effects on adults to be the difference in fungal effects between initial establishment and the third year (fungal effects year 3 -fungal effects year 1). In all cases, positive values represent a beneficial effect of fungi and negative values a detrimental effect of fungi. Due to data limitations imposed by high mortality for some species, we were unable to calculate reliable estimates of direct fungal effects on adult growth for two species (Heterotheca villosa and Linum lewisii) or indirect effects on adult growth for an additional three species (Campanula rotundifolia, Hedysarum alpinum and Penstemon gracilis).
E S T I M A T I N G P L A N T A B U N D A N C E S
Plant abundance can be measured in multiple ways. Among papers linking fungi to plant abundances, abundance is typically measured as either the frequency of occurrence (hereafter commonness) (e.g. Klironomos 2002) or as the average per cent cover (hereafter local density) (e.g. Reinhart 2012 ). How fungi affect plant abundance may vary with the aspect of plant abundance considered (Heinze et al. 2015) . Consequently, we measured abundance as both commonness and local density. Both abundance measures were estimated using an independent data set consisting of 200 plots located across the site where percent cover was estimated at various intervals between 2001 and 2011 (Bennett, Stotz & Cahill 2014) . Each plot was 50 by 50 cm and located in unmanipulated grassland areas of the ranch, most within the same 50 ha section as the experiment. For plots that were resampled, we used the average cover estimate for that plot. Commonness within the field site was estimated as the proportion of the 200 plots where a given species was found. Local density was estimated as the average per cent cover when it was found. Three of the species in the experiment (Elymus trachycaulus, Linum lewisii and Nassella viridula) were not found in any of the plots used to estimate species abundances, so they were excluded from analyses testing the linkage between fungi and plant abundances.
I D E N T I F Y I N G W H I C H F U N G A L E F F E C T S B E S T E X P L A I N P L A N T A B U N D A N C E S
We tested whether direct or indirect (through NNI) fungal effects best explained plant abundances and which life-history components were most important using two lines of evidence: (i) identifying which combination of variables explained the most variation in plant abundances and (ii) assigning weights to the variables using a multimodel inference approach. Separate analyses were used for commonness and local density. We used the dredge function in the MUMIN package (Barto n 2014) in R to run linear regressions with all possible combinations of direct and indirect fungal effects on the different life-history components, but included no interaction terms. From this set of models, we excluded all models with a DAIC > 10 as uninformative (Burnham & Anderson 2002) . We then selected the model with the highest adjusted R 2 as the best explanatory model. Using this same restricted set of models, we used the model averaging function in the MuMIn package (Barto n 2014) to calculate the relative Akaike's weights of each fungal effect variable as the sum of the AIC weights for all models in which that variable was included. Variables with greater weights are considered to be more important. Due to missing estimates of abundance and fungal effects, we were only able to include 11 of the 18 species in these tests. To explore whether removing these species changed our results, we ran additional analyses where we removed the variables with incomplete data from our analyses to increase the number of species in the analysis. However, the results differed minimally, so we only present results from the full variable set with the reduced number of species.
E V A L U A T I N G F U N G I C I D E E F F I C A C Y
We tested how fungal suppression affected root-associated fungi using two sets of trap plants, one set from 2010 and the other 2011. In June 2010, we transplanted seedlings of two focal species (Heterotheca villosa and Poa pratensis) into the control and fungicide-treated plots from five random blocks. To minimize disturbance, these plants were only transplanted into the neighbour suppression plots. The plants grew for 8 weeks and then were harvested. After harvest, the roots were washed, cleared and stained with Trypan blue at room temperature (Pitet et al. 2009 ). For each plant, approximately 300 intersections were examined across approximately 18 cm length of root at 4009 magnification. For each intersection, we scored colonization by aseptate hyphae, septate hyphae and AMF structures (vesicles + arbuscles) following (McGonigle et al. 1990 ). In all analyses, an individual plant was treated as a single replicate.
In 2011, we added seedlings to the plots as trap plants again, but our methods differed. We included four additional focal species (Campanula rotundifolia, Drymocallis arguta, Elymus trachycaulus and Gaillardia aristata), added those seedlings to six random blocks and allowed the plants to grow for 5 weeks before harvesting them. The plants were processed in the same way, but we modified the way we assessed colonization. In 2010, the density of hyphae and AMF structures seemed to vary more than the proportion of root length colonized, so we counted the density of hyphae and fungal structures across 50 intersections. However, the two methods proved equivalent in this case (see Results).
Due to differences in the type of data collected, we analysed the data from each year separately. In both years, we used generalized linear-mixed models that included species and treatment as factorial fixed effects, with experimental block as a random effect. If any of the trap plants died, we excluded that combination of species and block from the analysis. For the 2010 data, we used the binomial distribution with the number of intersections assessed as the denominator. For the 2011 data, we summed the number of structures per plant and used the negative binomial distribution; this accounted for high right skew in the data. To further investigate how the fungicide affected colonization, we ran a second set of analyses on the 2011 data where we split the species into C3 grasses and forbs. These two groups vary extensively in their response to mycorrhizas (Hoeksema et al. 2010; Reinhart, Wilson & Rinella 2012) . Moreover, this split reflects the results of our analysis from 2010 (see Results).
R O O T -A S S O C I A T E D F U N G I A N D P L A N T P E R F O R M A N C E
To test which root-associated fungi were associated with differences in plant performance following fungal suppression, we correlated differences in root colonization from 2011 with differences in plant performance. Given that the plants grown for colonization assays were grown without neighbours, we only correlated colonization with direct fungal effects on survival and growth. We calculated fungicide effects on the different fungal groups for each species as log response ratios. Here, we used the average number of fungal structures per species in each treatment: [ln(structures with fungicide/structures in control)]. We then used Spearman's rank correlations to test for associations between fungicide effects on fungal structures and direct fungicide effects on initial survival, initial growth, adult survival and adult growth (performance with fungicide -performance without fungicide). We consider fungal structures to be indicative of different fungal groups depending on how they relate to plant performance. Septate hyphae could represent many fungal groups with pathogenic, beneficial or neutral effects. Consequently, negative relationships between septate hyphae and plant performance should indicate the importance of pathogens and positive relationships should indicate beneficial fungi. Aseptate hyphae can belong to AMF, oomycetes or zygomycetes. Two of these groups contain many plant pathogens (Bever, Platt & Morton 2012 ), so we interpret differences in aseptate hyphae in the same way as septate hyphae. However, we consider aseptate hyphae indicative of AMF when AMF structures respond in a similar fashion.
Results
F U N G I A N D N N I
We found net fungal effects on NNI across the 18 focal species (Table 2) ; however, the effects on NNI Survival were opposite of those on NNI Growth (Fig. 1 ). Fungi had a negative effect on survival, reducing NNI Survival , thereby eliminating the initial facilitative effect of neighbours and increasing competition by 115% for adults (Fig. 1a) . By contrast, fungi had a positive effect on growth by increasing NNI Growth ; this reduced competition by 7%, but only for adult plants (Table 1, Fig. 1b) . However, it is worth noting that the actual difference in NNI Growth was more than double the difference in NNI Survival and that the low percentage difference may reflect the stronger effect neighbours have on growth relative to survival.
Among the 18 focal species, NNI varied extensively (Table 2, see Table S3 ). However, variation in fungal effects on NNI was only significant for NNI Survival (Table 2) . High intraspecific variability obscured any mean differences among species for NNI Growth (see Table S3 ).
F U N G I A N D P L A N T A B U N D A N C E S
Both direct and indirect fungal effects were strongly associated with plant abundances (Fig. 2) . When combined, these effects explained most of the variation in abundance: our best models explained 86% of the variation in plant commonness (F 3,7 = 22.29, P < 0.001) and 75% of the variation in local density (F 3,7 = 10.72, P = 0.005). Averaged across all variables, indirect fungal effects were nearly double as important for commonness as direct fungal effects (average weight: indirect = 0.43, direct = 0.25; Fig. 2) . Further, two of the variables in the best model were indirect fungal effects (initial NNI Survival and adult NNI Growth ; Fig. 3a ,c) with one direct effect (adult growth; Fig. 3b ). By contrast, direct fungal effects were five times more important in determining local plant densities than indirect fungal effects (average weight: direct = 0.41, indirect = 0.08; Fig. 2 ). Here, all three fungal effects included in the best model for local density (initial survival, adult survival, and adult growth; Fig. 3d-f) were direct effects. For both local density and commonness, the variables in the best-fit model also had the greatest AIC weights (Fig. 2) .
Independent of the plant abundance measure considered, fungal effects on initial survival and adult growth were the most important life-history components describing fungal effects on plant abundances, accounting for five of the six most important fungal effects (Fig. 2) . However, there were substantial differences in their relationships with the two plant abundance measures. Fungal effects on commonness were inconsistent across life-history components. Fungi benefitted more common species by increasing the facilitative effects of neighbours for initial NNI Survival (Fig. 3a) . At the same time, fungi also reduced adult growth (Fig. 3b) and increased competitive effects on adult NNI Growth for these same common species (Fig. 3c) . By contrast, fungal effects on local density were more consistent, decreasing initial survival (Fig. 3d) , adult survival (Fig. 3e ) and adult growth (Fig. 3f) for species with high local densities. However, fungal effects on adult survival were 70% less important than effects on initial survival and 50% less important than effects on adult growth in explaining local densities (Fig. 2) . This suggests that fungal effects on initial survival and adult growth are the most important life-history components determining local densities as well as commonness. 
The fungicide had variable effects on root colonization by the different fungal groups (see Table S4 ). Fungicide reduced per cent colonization of both aseptate hyphae (F 1,16 = 6.10, P = 0.025) and AMF structures (F 1,16 = 9.19, P = 0.008) in 2010. However, these effects varied between species (aseptate F 1,16 = 65.86, P < 0.001; AMF F 1,16 = 5.72, P = 0.029), with H. villosa showing 50% declines in colonization and P. pratensis showing no significant effect (see Table S5 ). We found similar results for aseptate hyphae and AMF structures for these two species in 2011 (see Table S5 ), suggesting that the two methods of assessing mycorrhizal colonization give similar results. Fungicide effects on septate hyphae were inconsistent between species (F 1,16 = 16.11, P = 0.001), with a slight decline for H. villosa and a slight increase for P. pratensis (see Table S5 ). When averaged across all six focal species, fungicide had no significant effect on aseptate hyphae (F 1,54 = 2.80, P = 0.100) and AMF structures (F 1,54 = 2.62, P = 0.111), but strong species-specific effects on the density of septate hyphae (F 1,54 = 5.45, P < 0.001). However, when we analysed forbs separately, we found significant reductions in colonization by both aseptate hyphae (35%; F 1,36 = 7.63, P = 0.009) and AMF structures (48%; F 1,36 = 5.56, P = 0.024). Fungicide had no effect on fungal colonization of grasses (see Table S4 ).
F U N G A L G R O U P S A N D P L A N T P E R F O R M A N C E
Fungicide effects on fungal colonization of roots were strongly associated with effects on plant performance. When fungicide suppressed the development of AMF structures, there was a concurrent decline in both initial survival and growth (survival R = 0.829, P = 0.042; growth R = 0.771, P = 0.072). There was a similar, yet weaker, pattern for aseptate hyphal densities (survival R = 0.771, P = 0.072; growth R = 0.714, P = 0.111). Septate hyphae were unrelated to initial plant establishment (survival R = À0.029, P = 0.957; growth R = 0.086, P = 0.872); however, increases in septate hyphae following fungicide application were associated with reduced adult growth (R = À0.900, P = 0.037). Neither AMF structures (R = À0.300, P = 0.624) nor aseptate hyphae (R = À0.600, P = 0.285) were associated with fungicide effects on adult growth. None of the measured fungal structures were associated with adult survival (aseptate hyphae R = À0.714, P = 0.111; AMF structures R = À0.657, P = 0.156; septate hyphae R = À0.314, P = 0.544). . Means and standard errors were estimated using mixed models and represent the average effect across all 18 species. Fig. 2 . The importance of direct and indirect fungal effects on various life-history components in predicting commonness and local density. Fungal effects on the different life-history components through net neighbour interactions (NNI) represent indirect fungal effects, whereas all other variables represent direct fungal effects on that particular life-history component. Variable weights are the sum of the Akaike's weights for the subset of models that included that particular variable. Interaction terms were not included in the model set.
Discussion
Fungi can have strong effects on plant performance and plant community assembly (Alexander & Holt 1998; Hartnett & Wilson 2002; Klironomos 2002; Urcelay & Diaz 2003; Kulmatiski et al. 2008; Lin, McCormack & Guo 2015) . Much of this work has assumed that fungi influence community assembly by altering the outcome of interactions among plants (net neighbour interactions NNI), with few explicit tests of fungal effects on NNI in natural communities (Moora & Zobel 2010; Klironomos et al. 2011; Hodge & Fitter 2013) . Our results show that fungi can alter NNI within plant communities, but that these effects are dependent both on the life-history component measured and the identity of the species. Moreover, fungal effects on NNI were strongly associated with plant commonness; fungi increased establishment, but decreased adult growth for the more common species. By contrast, the local densities of the focal species were associated exclusively with direct fungal effects that limited the survival and adult growth of high-density species.
F U N G A L E F F E C T S O N N N I
Experiments have shown fungal effects on NNI to be complex, but field evidence has been limited (Casper & Castelli 2007; Moora & Zobel 2010; Yelenik & Levine 2010; Hodge & Fitter 2013; Pendergast, Burke & Carson 2013; Lin, McCormack & Guo 2015) . Consistent with these more controlled studies, we found that both NNI and fungal effects on NNI were highly complex under field conditions. Overall, NNI were generally competitive. However, NNI effects on survival were initially facilitative, potentially due to amelioration of environmental stress or protection from herbivores during the vulnerable seedling stage (Callaway 1995) . Fungi consistently reduced NNI for survival, making these interactions more competitive and reducing survival (Fig. 1a) . By contrast, fungi increased NNI for growth, increasing growth by making plant-plant interactions less competitive, although primarily for adults (Fig. 1b) . These differences in fungal effects on NNI across life-history components are consistent with previous work. Pathogens can have large negative effects Each dot represents a single species, and only fungal effects included in the best explanatory model are shown. Dashed vertical lines denote zero; points to the left of the line mark detrimental effects of fungi and points to the right beneficial effects. For net neighbour interactions (NNI; a,c), points to the left or right of the line represent either an increase or decrease in suppression by neighbours with fungi intact. All graphs are partial regression plots that show the relationship between one fungal effect and plant abundance independent of the other relationships; however, variable means have been added to each axis so that they are on the proper scale.
on seedlings, reducing their growth and survival to a greater extent than adult plants (Hersh, Vilgalys & Clark 2012) . Further, common mycorrhizal networks can increase competitive asymmetry between large and small plants (Weremijewicz & Janos 2013) and have been shown to have large negative effects on seedlings (Kyt€ oviita, Vestberg & Tuomi 2003) . This suggests that large adult neighbours, potentially in combination with fungal pathogens, competitively excluded the seedlings by monopolizing resources within the common mycorrhizal network. However, if the seedlings survived to adulthood, they obtained benefits similar to their neighbours.
Despite strong evidence that fungi can influence plant community assembly, it has remained unclear whether fungal effects on plant species abundances are driven by direct fungal effects on plant performance or through indirect effects mediated through NNI (Kulmatiski et al. 2008; Pendergast, Burke & Carson 2013; Hendriks et al. 2015; Lin, McCormack & Guo 2015; Yang, Maron & Callaway 2015) . Our results suggest that both direct and indirect effects of fungi can affect plant abundances. Specifically, fungal effects on NNI benefitted more common species initially, but rarer species as adults. Direct fungal effects similarly limited common species as adults as well as species with high local densities across all life-history components (Fig. 3) . Combined, these results suggest that by directly limiting the most abundant species, fungi reduce the competitive pressures experienced by most species in some way. This reduction in competition thus facilitates both common low density species and rarer species. Consequently, both direct and indirect effects of fungi are likely to affect plant community assembly. Moreover, this suggests that fungal effects on other plantassociated interactions such as herbivory (Gehring & Whitham 1994) and pollination (Cahill et al. 2008 ) may have similarly important effects within plant communities.
Fungal effects also differed among plant life-history components, yet only effects on initial survival and adult growth were important for plant abundances (Fig. 2) . Although fungi primarily reduced initial survival through NNI (Fig. 1a) , the effects were positive for more common species (Fig. 3a) . These effects were reversed for adult growth, with rarer species deriving greater benefit. Both these results are consistent with imbalanced resource transfers within the common mycorrhizal network (Walder et al. 2012) ; however, why these imbalances differ across life-history components for certain species remains unclear. Direct fungal effects were more consistent across life-history components, reducing both initial survival and adult growth of high-density species (Fig. 3c,d) . These results suggest a direct cost of fungi on initial survival for high-density species, either through pathogen-induced mortality (Hersh, Vilgalys & Clark 2012) or an increased carbon cost imposed by AMF (Johnson, Graham & Smith 1997) . The delay in fungal effects on growth for these species is also consistent with the accumulation of soil biota associated with plant-soil feedbacks (Bever, Westover & Antonovics 1997).
Further, these direct effects on adult growth coupled with reductions in NNI for subordinate species suggest that negative plant-fungal feedbacks limit species dominance, thereby promoting community diversity (Bever 2003) . Importantly, this set of results also suggests that fungal effects on both regeneration and persistence niches will determine how fungi affect plant communities (Grubb 1977; Kardol et al. 2013) .
Interestingly, differences among species in fungal effects on adult growth were important determinants of plant abundance despite being non-significant. This lack of significance was driven by high variability in how fungi affected growth across the experimental site (see Table S3 ). Both plant competition (Bennett & Cahill 2012; Rees 2013 ) and plant-fungal interactions (Kulmatiski et al. 2008; Hoeksema et al. 2010) can be highly dependent on the availability of resources. Further, the experimental site varies extensively in the availability of resources (e.g. water, nitrogen and phosphorus) and productivity (Bennett & Cahill 2012; Bennett, Stotz & Cahill 2014) . The observed variability within species in fungal effects on NNI likely results from this environmental variability.
Both pathogenic and mycorrhizal fungi have the potential to influence plant communities (Lalibert e et al. 2015; Lin, McCormack & Guo 2015) , potentially in contrasting ways (Liang et al. 2015) . Our results suggest a role for both AMF and pathogens in determining plant abundances through effects on different life-history components. We found strong negative correlations between fungicide effects on AMF structures and fungicide effects on initial survival and growth. This suggests that differences among species in how they respond to AMF may drive fungal effects on initial plant establishment. By contrast, increases in septate hyphae following fungicide application were associated with reduced growth over time. Given the negative relationship between septate hyphae and plant performance, this suggests that an increase in pathogen load over time (negative plant-fungal feedbacks) may regulate adult plant growth and ultimately plant abundances. This increase in pathogen loads may result from the loss of intact fungal communities and subsequent reduction in pathogen protection from AMF (Maherali & Klironomos 2007) or other fungal endophytes (Saikkonen et al. 1998) . Given that the species with the greatest increase in septate hyphae also had the greatest reduction in AMF structures (Gaillardia aristata; see Table S5 ), it seems likely that AMF provide the pathogen protection. However, given the limited extent of the sampling, the evidence remains inconclusive.
Species varied extensively in how fungicide affected colonization by both AMF and other fungi. For AMF, this variability and the level of colonization reduction are consistent with other studies evaluating fungicide effects across a range of species in the field (e.g. Gange, Brown & Farmer 1990; Helgason et al. 2007; Cahill et al. 2008) . However, the mechanism behind these differences in colonization is uncertain. Many fungi, including AMF, vary in their susceptibility to fungicides and their ability to recolonize from spores or by dispersal (West, Fitter & Watkinson 1993; Schreiner & Bethlenfalvay 1997; Helgason et al. 2007; Miñambres et al. 2010; Ipsilantis, Samourelis & Karpouzas 2012) . For AMF, generalist and widespread species tend to increase in abundance following fungicide application (Helgason et al. 2007) . Thus, large reductions in AMF colonization may reflect the loss of preferred AMF partners and a lack of colonization by generalist species. Conversely, other species may be less specific in their associations and are colonized by whatever AMF remain. Similar dynamics may affect other fungal groups.
Much of the variability in fungicide effects on AMF colonization can be explained by differences between forbs and graminoids. These two groups also vary in their response to AMF, with C3 grasses typically less responsive (Hoeksema et al. 2010; Reinhart, Wilson & Rinella 2012) . In C3 grasslands, AMF frequently promote diversity by benefitting subordinate and rare species relative to the dominant grasses (Hartnett & Wilson 2002; Urcelay & Diaz 2003) . Both the differences in colonization and response to fungal suppression between grasses and forbs at this site suggest that AMF may similarly promote diversity at our site by altering the competitive balance between the more abundant grasses and subordinate forbs. The direct negative effects of fungi on species with high local densities, coupled with reduced competition for many species, further support this dynamic.
S Y N T H E S I S
Although many studies have assumed that fungi can alter plant communities by influencing net neighbour interactions among plants, we provide the first experimental evidence that fungal effects on net neighbour interactions can affect plant abundances within a natural community. However, these indirect fungal effects were only important in determining how common species were across the study site, and were likely dependent on fungi directly limiting the establishment and growth of more abundant species. Importantly, our results also suggest that factors affecting initial survival and adult growth are more likely to affect plant abundances, regardless of whether these effects occur directly or are mediated through net neighbour interactions.
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